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Comparison of collisionally activated fragment spectra of long-chain quaternary ammonium
ions, formed by liquid-assisted secondary ion mass spectrometry (LSIMS) and electrospray
ionization (ESI), shows the latter are dominated by radical cations while the former yield
mainly even-electron charge-site-remote (CSR) fragments, similar to the report for different
precursors by Cheng et al., J. Am. Soc. Mass Spectrom. 1998, 9, 840. Here, mixed-site
fragmentation products (formal loss of a radical directly bonded to the nitrogen plus a radical
derived from the long chain) are of comparable importance for both ionization techniques.
These observations are difficult to understand if the CSR ions are formed by a concerted
rearrangement-elimination reaction, since precollision internal energies of the ESI ions are
much lower than those of the ions from LSIMS. Alternatively, if one discards the concerted
mechanism for high-energy CA, and assumes that the even-electron fragments are predomi-
nantly formed via homolytic bond cleavage, the colder radical cations from ESI survive to the
detector while the more energized counterparts from LSIMS preferentially lose a hydrogen
atom to yield the CSR ions, as proposed by Wysocki and Ross (Int. J. Mass Spectrom. Ion
Processes 1991, 104, 179). The present work also attempts to reconcile discrepancies involving
critical energies and known structures for neutral fragments. (J Am Soc Mass Spectrom 2001,
12, 571–579) © 2001 American Society for Mass Spectrometry
Most mass spectral fragmentation processes ofeven-electron ions are closely associated withthe charge site but, under certain conditions, it
is possible to observe cleavage of long aliphatic chains
at sites remote from the charge, as first described by
Gross and his collaborators [1–4]. These charge-site-
remote (CSR) fragmentations have been observed for
many functionalized long-chain hydrocarbons, includ-
ing fatty acid carboxylates (negative ions) and fatty
acids and esters complexed to alkali metal ions (positive
ions) [4–7], as well as for long-chain quaternary ammo-
nium ions. CSR fragmentations have been used to gain
structural information about a wide variety of com-
pounds [1–7], and have normally been observed follow-
ing high-energy (0.4–8.0 keV) collisional activation
(CA), e.g., in tandem magnetic-sector mass spectrome-
ters. However, CSR fragmentations have also been
reported for low-energy CA in quadrupole instruments
[8] and in Fourier transform-ion cyclotron resonance
(FT-ICR) cells [9].
CSR reactions for long-chain quaternary ammonium
ions are characterized by a series of fragment ions
reflecting losses of the elements of alkanes to form
v-unsaturated fragments, e.g., eq 1 for quaternary am-
monium ions:
(CH3)3N
1(CH2)nCH33 (CH3)3N
1(CH2)xCH
¢ CH2 1 H2C ¢ CH(CH2)yCH3 1 (2Hz or H2) (1)
where n 5 x 1 y 1 4. Evidence for the nature of the
neutral fragment in CSR reactions exemplified by eq 1
derives from the observation by Wesdemiotis et al. [10,
11], using collisional ionization mass spectrometry, that
the major neutral species is a 1-alkene. The mechanism
for CSR reactions, originally proposed by Gross et al.
[1], involves a 1,4-elimination of molecular hydrogen
via a pericyclic transition state. However, more recent
evidence [5–7, 12] strongly suggests that stepwise pro-
cesses involving radical species may be operative, and
that precollision internal energy effects are also impor-
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tant [4, 12]. These homolytic bond-cleavage reactions
can lead to observable radical–cation product ions, and
are also charge-site remote in the generic sense. How-
ever, for convenience in the present work the CSR
terminology is taken to refer only to the even-electron
v-alkene quaternary fragment ions (e.g., eq 1), and
reactions yielding radical ions and other fragment ions
will be referred to explicitly as such. In addition, it was
discovered by Tuinman et al. [13] that, when the
substituents on a quaternary nitrogen atom are differ-
entiated from one another by deuteration, another se-
ries of fragmentations along the alkyl chain can be
observed. This series of fragments arises from the
so-called mixed-site fragmentation (MSF) process, in
which a substituent group directly bonded to the charge
site is incorporated into the neutral fragment:
~CH3!3N
1~CD2!13CD3 3 @~CH3!2N~CD2!5#
1
1 $CH3~CD2!8CD3% (2)
where the nature of the neutral fragment(s) in eq 2 has
not been elucidated in this case. Mechanistic sugges-
tions for the MSF processes have included the assump-
tion (supported [14, 15] by MS3 experiments) that the
fragment ions are cyclic [13], and a postulated mecha-
nism (which must, however, directly involve the fixed
charge site) invoking diradical intermediate species [14,
15].
The present work describes studies of the effects of
the method of transfer of some long-chain quaternary
ammonium ions into the gas phase on their high-energy
CA fragmentation processes. Both liquid-assisted sec-
ondary ion mass spectrometry (LSIMS) and electro-
spray ionization (ESI) were used to prepare the gas-
phase ions, as described previously by Cheng et al. [4]
for fatty acid anions and sodiated triglycerides. In that
work [4] the competition between CSR reactions and
processes yielding radical cations was unexpectedly
shown to favor the latter in the case of the much softer
ionization by ESI. In the present case it was also
possible to compare the effects of ionization method on
the relative efficiencies of CSR and MSF reactions, in
addition to competition with reaction channels leading
to radical-cation fragments. The necessary distinction
between hydrocarbon moieties arising from the long
chains and those from smaller groups directly attached
to the charge site was achieved both by selective deu-
teration in some cases, e.g., (C2D5)3N
1C14H29 (1), and
by using allyl groups rather than short-chain alkyl
groups, (C3H5)3N
1(C14H29) (2), (C3H5)2N
1(C14H29)2 (3),
and (C3H5)N
1(C14H29)3 (4).
Experimental
Instrumentation
Mass spectra were obtained using both ESI and LSIMS
to introduce ions into a Micromass (Manchester, UK)
AutoSpec-oaTOF mass spectrometer. The AutoSpec-
oaTOF instrument is comprised of a double-focusing
stage of EBE configuration, coupled to an orthogonal
acceleration time-of-flight (oaTOF) analyzer for MS/MS
experiments. LSIMS ionization used a glycerol matrix
and a primary beam of cesium ions of effective incident
energy 17 keV. ESI spectra were obtained by direction
infusion of a 1:1 methanol/water solution at a flow rate
of 0.5 mL h21. At the usual source potential of 4 kV, the
laboratory frame collision energy in the collision cell
preceding the oaTOF analyzer was 400 eV. In all
MS/MS experiments using the oaTOF, Xe collision gas
was used at an indicated pressure of 3 3 1027 mbar
measured in the oaTOF housing.
The synthesized compounds were characterized by
LSIMS and by nuclear magnetic resonance (NMR) spec-
tra recorded using a Bruker (Karlsruhe, Germany) AC
250F NMR spectrometer.
Synthesis
The tetra-alkylammonium compound (1) was prepared
as the iodide (colorless square prisms, mp 163–165 °C)
by heating 1-aminotetradecane (Aldrich Chemical, Mil-
waukee, WI) in acetonitrile with excess perdeuteroio-
doethane (CDN Isotopes, Montreal, Canada), as de-
scribed previously [15] for homologous compounds.
The bromide salt of [(C3H5)3N
1(C14H29)] (2) was ob-
tained as needles, mp 29–32 °C, after heating 1-amino-
tetradecane (Aldrich) with an excess of allyl bromide
(Eastman). Preparation of the bromide salts of 3 (white
prisms, mp 53–54 °C) and 4 (white prisms, mp 56–
58 °C), [(C3H5)2N
1(C14H29)2] and [(C3H5)N
1(C14H29)3],
was achieved by refluxing 1-bromotetradecane with
freshly distilled diallylamine (Aldrich) and allylamine
(Aldrich), respectively. The identities of the above prod-
ucts were checked by 1H NMR and LSIMS. 1-Bromotet-
radecane was synthesized by refluxing 1-tetradecanol
(Aldrich) with concentrated hydrobromic acid and tet-
rabutylammonium bromide (Aldrich). The resulting
product was distilled as a colorless liquid, bp 115–
118 °C at 0.7 mm Hg, lit. 146–147 °C at 5 mm Hg [16],
and its identity was checked by 1H and 13C NMR
spectroscopy.
Results
The LSIMS and ESI positive ion mass spectra of each
compound (not shown) reflected the very different
extents of internal energy deposition. As expected the
ESI mass spectra, obtained under the ion-source condi-
tions used throughout this work, contained only the
quaternary ions with no other sample-derived ions;
some weak signals (;0.1%) at lower m/z appeared to be
derived from the solvent. By contrast, the correspond-
ing LSIMS spectra contained complete sets of fragment
ions as described below for the MS/MS experiments,
such that the most intense sample-derived fragment ion
was observed at an abundance of 4–5% of that of the
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parent quaternary ammonium ion. These observations
emphasize the difference between the precollision in-
ternal energy distributions of ions prepared by LSIMS
and ESI.
Figure 1 shows the MS/MS spectrum of 1 generated
by LSIMS. This spectrum is very similar to that de-
scribed previously [15], and is shown here to illustrate
the dominance of the MSF fragments at lower m/z
(consistent [13–15] with the formation of stable cyclic
structures as transition states and/or final products),
and that of the CSR ions at higher m/z values. This
pattern was observed for all compounds studied here
and previously [14, 15] using LSIMS, and also for the
precursor ions produced by ESI. The radical-cation
fragments are of low relative abundance throughout the
LSIMS MS/MS spectrum. The differences between
MS/MS spectra of ions produced by the two ionization
methods were striking in the higher m/z range, as
illustrated for 1 in Figure 2. In the case of 1 produced by
ESI, the MS/MS abundances of the MSF ions (relative to
that of the precursor survivors) are not too different
from those observed in the LSIMS case, but the CSR
ions, while still important, are now appreciably less so
than the radical-cation fragments. A saturated ion se-
ries, corresponding to expulsion of the elements of
alkenes from the precursor, is of low relative abundance
in both cases (Figure 2).
Figure 3 compares expanded views of the MS/MS
spectra of 2 produced by LSIMS and by ESI. Both of
these spectra include high abundance ions at m/z 292 [5;
2 2 C3H6, likely (C3H5)2N
1 ¢ CH–C13H27] and 266 [6;
2 2 C5H8, likely (C3H5)(C14H29)N
1 ¢ CH2], though the
latter ion is much less abundant in the LSIMS spectrum.
These ions, and an abundant ion at m/z 110 [7; not
shown, 2 2 C16H32, likely (C3H5)2N
1 ¢ CH2], probably
arose from charge-site-mediated processes comparable
to those found in smaller ammonium ions [17–20]. The
abundant fragment ion at m/z 261 from 1 (Figure 2) is of
the same iminium type, likely (C2D5)(C14H29)N
1 ¢ CD2.
These structural assignments were consistent with re-
sults of MS3 experiments (not shown), similar to those
shown previously [15] for closely related precursor
ions. Similar trends are observed on comparing MS/MS
spectra obtained using LSIMS and ESI to produce each
of the precursors 3 and 4 (Figures 4 and 5, respectively).
In both cases, the iminium ions corresponding to the
expulsion of C3H6 are important. The most striking
difference is again the dominance of the radical-cation
fragments corresponding to small radical losses, with
maximum abundance for the terminal CH3
z loss, in the
case of precursor ions produced by ESI. Careful reex-
amination of a collection of earlier data [14, 15] for
long-chain quaternary ammonium ions reveals that
some of the radical-cation fragments are also often
present in these LSIMS-MS/MS spectra, albeit at low
abundance. Nonetheless, it is evident from the high m/z
Figure 1. MS/MS spectrum of (C2D5)3N
1C14H29 (1, m/z 313) produced by LSIMS, using 400 eV
laboratory frame collisions on xenon. Filled diamond: CSR fragments; asterisk: MSF ions.
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regions of Figures 1–4 that there is a qualitative differ-
ence between the fragmentations of ions produced by
LSIMS and ESI. Analogous observations were reported
previously [4] for the [M 1 Na]1 ions of tristearin and
[M 2 H]2 ions of some fatty acids.
Discussion
The sharp contrast between the ESI- and LSIMS-pro-
duced spectra clearly demonstrates that differences in
precollision history play a critical role in determining
the fragment ion spectra of quaternary ammonium ions.
The LSIMS-MS/MS spectra are dominated by peaks
corresponding to CSR and MSF fragments, whereas the
ESI-MS/MS spectra are dominated by peaks corre-
sponding to radical-cation fragments at the expense of
the CSR ions (the MSF reactions are relatively unaffect-
ed). This result is similar to that reported previously by
Cheng et al. [4], for fatty acid anions and sodiated
triglycerides. It is also reminiscent of earlier observa-
tions of Wysocki and Ross [12], who studied the effects
of variation of the precollision internal energies of
several functionalized alkanes, including protonated
4-pentadecylpyridine and (CD3)3N
1(CD2)13CH3. By
comparing CID spectra of precursor ions formed by
conventional LSIMS with those produced by LSIMS
with a pressurized ion source (to cool the ions prior to
acceleration) and, where appropriate, by butane chem-
ical ionization, it was shown [12] that precursors with
lower precollision internal energies preferentially
yielded the radical-cation fragments, while the conven-
tional CSR even-electron product ions were favored
when the precursor ions were internally hot. The same
trend was also observed [12] on comparing low- and
high-energy CID of precursors with similar precollision
internal energies, i.e., low-energy CID surprisingly fa-
vored formation of the radical cations produced by
homolytic bond cleavage, while high-energy collisions
led preferentially to the even-electron fragments (as in
eq 1) which could, in principle at least, be formed by
concerted rearrangement-fragmentation mechanisms
with appreciably lower critical energies.
Wysocki and Ross [12] proposed an interpretation of
their observations based on the premise that, at least for
collision conditions characteristic of triple quadrupole
and sector-based instruments, the initial step in the
mechanism leading to the even-electron v-unsaturated
CSR fragment ions (eq 1) involves homolytic C–C bond
cleavage. If the distonic radical cations, thus formed
initially, have sufficient internal energy they can pro-
ceed further to lose a hydrogen atom to form the CSR
fragment ions. Otherwise, on this view [1], the radical
cations will have sufficiently low internal energies that
they survive intact on the instrumental time scale. This
hypothesis certainly accounts for the observed depen-
dence on internal energy of the competition between
the radical cation fragments and the even-electron CSR
fragments. However, it is difficult to reconcile the
Figure 2. Expanded views of MS/MS spectra of (C2D5)3N
1C14H29 (1, m/z 313) produced by (a) ESI
and (b) LSIMS, using 400 eV laboratory frame collisions on xenon. Filled diamond: CSR fragments;
filled circle: radical cations; filled triangle: saturated ions; asterisk: MSF ions.
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estimates [1] of #2 eV, for the critical energy for
formation of the v-unsaturated CSR fragment ions, with
the bond dissociation energy of a C–C single bond (;3.8
eV). Moreover, the simple C–C homolytic bond disso-
ciation mechanism implies that the neutral fragment is
an alkyl radical, whereas the neutral-ionization experi-
ments of Cordero and Wesdemiotis [10] showed that
only alkene neutrals were detectable. This latter objec-
tion may not be entirely valid, however, since the
neutral-ionization experiments [10] employed conven-
tional LSIMS to produce the precursor ions. Under
these conditions it is reasonable to suppose that both the
ionic and neutral fragments, initially formed from the
C–C cleavage, possessed sufficient internal energy to
rapidly lose a hydrogen atom, thus forming the two
v-unsaturated fragments detected [10]. However, the
discrepancy between the estimate of the critical energy
and the C–C bond dissociation energy remains as a
problem for the simple C–C homolytic mechanism [12].
In order to address this energy mismatch problem,
Wysocki and Ross [12] proposed a modification of the
C–C homolytic cleavage mechanism, whereby the bond
is supposed to be stretched sufficiently to allow only
free rotation, but not separation, of the nascent frag-
ments. In this way the resulting ion–molecule complex
intermediate has a significant lifetime, sufficient to
allow hydrogen transfers between the two moieties to
compete with separation of the two radical fragments. If
the hydrogen atom is transferred from the neutral to the
ionic radical, the result is the v-olefinic neutral frag-
ment identified by Cordero and Wesdemiotis [10], but
the fragment ion is now a saturated species rather than
the v-unsaturated ion structure which has been identi-
fied on many occasions [1]. On the other hand, if the
hydrogen is transferred from the ionic to the neutral
radical, the even-electron fragment ion is now predicted
[12] to be the established CSR fragment [1] but the
neutral fragment is now a saturated alkane, which was
excluded by the neutral-ionization experiments [10]
conducted under conditions in which the v-unsaturated
CSR fragment ions dominated the CID spectrum. Thus,
this ion–molecule complex proposal [12] cannot pro-
vide a generally applicable rationalization of all the
evidence. In addition, it is difficult to understand how
this concept could explain the preferential formation of
the even-electron CSR fragments at higher internal en-
ergies of the ion–molecule complex, and of the radical
fragments at lower internal energies.
Cheng et al. [4] discussed their observations in terms
of a Wahrhaftig diagram illustrating a classical compe-
tition between concerted rearrangement-fragmentation
(CSR) and homolytic bond-cleavage (radical-cation) re-
actions. (The particular concerted reaction proposed [4]
was the 1,4-elimination via a pericyclic mechanism [1],
but the present discussion does not depend on the
validity of this specific mechanism.) This discussion [4]
emphasized that, for such an approach to account for
Figure 3. Expanded views of MS/MS spectra of (C3H5)3N
1C14H29 (2, m/z 334) produced by (a) ESI
and (b) LSIMS, using 400 eV laboratory frame collisions on xenon. Filled diamond: CSR fragments;
filled circle: radical cations; filled triangles: saturated ions; asterisk: MSF ions.
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the experimental observations, the postcollision internal
energy distribution function of the precursor ions must
involve a larger contribution from the high-energy tail
for ions produced by ESI than for those from LSIMS,
despite the fact that the opposite is clearly true for the
precollision distributions. However, no explanation for
this difference was proposed [4].
We propose here a possible rationalization of this
energy deposition dilemma arising from the assump-
tion [4] that a concerted mechanism, rather than simple
bond cleavage, dominates high-energy CSR reactions of
precursors produced by LSIMS. The gaseous ions pro-
duced by ESI originated from the surfaces of highly
charged aqueous droplets, so it is reasonable to suppose
that the long aliphatic chains were coiled up in order to
minimize hydrocarbon–water interactions (the so-
called hydrophobic interactions). Such ions produced
by ESI, besides having low internal energies as indi-
cated by the ESI mass spectra, can then be pictured as
coiled into compact structures. By contrast, ions formed
from LSIMS are born in the high-energy selvedge
region above the sputtered liquid surface and, as a
consequence of their higher internal energies, will
adopt stretched conformations. Such a distinction could
have consequences for the actual dissociation mecha-
nisms, but here only its consequences for energy depo-
sition by CA are discussed.
In discussing the consequences of higher-order struc-
tures on energy deposition, the distinction between the
so-called “elastic” and “binary” limits, for inelastic
collisions leading to internal excitation of projectile ions
P via electronically adiabatic momentum transfer, must
be considered. Full mathematical descriptions and ex-
perimental tests of these collision models can be found
elsewhere [21–26]. In the (badly named) “elastic limit”
the momentum transfer collision is assumed to involve
the entire masses of each of the collision partners (P and
the target T). The maximum fraction of the initial
(laboratory frame) translational energy Elab which can
be converted to internal energy «, while conserving
linear momentum of the collision partners, is MT/
(MT 1 MP). This maximum value of energy deposition
(the “center-of-mass collision energy”) tells nothing
about the distribution of deposited energies, including
median or maximum-probability values, but does pro-
vide a rigorous upper bound to the high-energy tail. In
contrast, the simple “binary model,” in a form applica-
ble to the present case of a polyatomic projectile and a
monatomic target, assumes that the momentum transfer
involves only a portion (the “impact” portion) of P
interacting with T, the remainder of P acting as a
passive “spectator” portion. Such an event provides an
explicit model for rotational–vibrational excitation of P,
and predicts a maximum possible internal energy dep-
osition «max,binary given by eq 3:
Figure 4. Expanded views of MS/MS spectra of (C3H5)2N
1(C14H29)2 (3, m/z 490) produced by (A) ESI
and (B) LSIMS, using 400 eV laboratory frame collisions on xenon. Filled diamond: CSR fragments;
filled circle: radical cations; filled triangle: saturated ions; asterisk: MSF ions.
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«max,binary 5 Elab 3 $MT/@MP 1 MT ~MP/MPi)]}
(3)
where MPi is the mass of the “impact portion” of the
projectile ion [21, 22]. Equation 3 reduces to the “elastic
limit” expression when MPi 5 MP, as it should. It is
clear from eq 3 that a “binary” CA mechanism results in
a smaller upper bound for the high-energy tail of the
CA energy deposition function than does the corre-
sponding “elastic limit” mechanism.
The consequences of these general considerations for
the present dilemma [4] rest on the supposition that
collisions with a monatomic target, of a compact coiled
structure for P ions produced by ESI, will approximate
more closely to the “elastic limit” with higher possible
values for energy deposition, than will those of the
same projectile ions with more open uncoiled structures
produced by LSIMS, for which momentum exchange
with a monatomic target is much more likely to involve
only a small “impact” portion. The present suggestion
of significantly different higher-order structures for the
ions produced by ESI and LSIMS should be amenable to
experimental test by comparison of their relative gas-
phase mobilities [27]. (It is of interest that the notion of
coiled chains in gas-phase ions was proposed in early
work of Meyerson and Leitch [28]). The present pro-
posal does provide a theoretical basis for the previous
discussion [4] of the unexpected difference between
CID spectra of the same precursor ions prepared by the
two ionization techniques, which was based on the
assumption of a dominant concerted mechanism for
CSR reactions. However, this approach does not ac-
count for the similar dilemma observed by Wysocki and
Ross [12] on varying the collision energy for precursor
ions with similar precollision internal energies, or for
low-internal energy precursors produced by isobutane
CI.
Claeys et al. [5–7] have proposed a somewhat differ-
ent free-radical mechanism for CSR fragmentations, in
which the initial step is homolytic cleavage of a C–H
bond followed by radical-site-induced C–C cleavage.
The critical energy (C–H bond energy) in this case is
about 4.5 eV, appreciably higher than for an initial C–C
homolytic cleavage [12], and therefore this mechanism
is subject to the same energy mismatch problem as
discussed above with respect to the critical energy for
CSR reactions. However, this proposal can account for
the energy dependence of the CID spectra, described
here and previously [4, 12], in essentially the same way
as does the C–C bond cleavage mechanism [12]. More
recently, Voinov and Claeys [29] described fragmenta-
tion reactions of M2z radical anions of fatty acids [not
the (M 2 H)2 anions] formed by electron energy cap-
Figure 5. Expanded views of MS/MS spectra of (C3H5)N
1(C14H29)3 (4, m/z 646) produced by (a) ESI
and (b) LSIMS, using 400 eV laboratory frame collisions on xenon. Filled diamond: CSR fragments;
filled circle: radical cations; asterisk: MSF ions.
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ture at the high-energy (7.2 eV) resonance, well above
the C–H bond energy. Based on data obtained using
fatty acids d2 labeled at specific carbon atoms, it was
proposed [29] that, in these highly energized ions, it
was possible to exchange H/D atoms from the alkyl
chain with the carboxylic acid group. Eventually, fol-
lowing loss of two H/D atoms, the final fragments were
predicted to be the v-unsaturated even-electron anions
expected as CSR fragments (and indeed consistent with
the observed [29] spectra), together with a neutral alkyl
radical. Although this latter interpretation may be valid
for these resonance electron capture experiments, the
earlier work [10] specifically excluded alkyl radicals as
possible candidates for structures of neutral fragments
from CSR reactions of even-electron precursors initiated
by high-energy CA. It will be difficult in any case to
relate these experiments [29] on odd-electron precur-
sors to the more common case of CSR fragmentations of
even-electron ions.
The general conclusion from the preceding discus-
sion is that no single proposed mechanism, nor any
simple combination of mechanisms, can account for all
the available experimental information on these pro-
cesses. This conclusion was also reached in a recent
investigation [30] of several derivatized alkanes with
specific d2 labeling, using high-energy MS/MS and
MS/MS/MS. Rather, it appears that CSR and related
reactions can proceed via several competing mecha-
nisms, for which the relative efficiencies vary with the
experimental conditions. For example, a major problem
for mechanisms that involve homolytic bond cleavage
as a first step [5–7, 12, 29] concerns the best estimates [1]
for the critical energy for CSR reactions to be #2 eV.
Thus, Cody’s observation [9] of CSR reactions under
low-energy CID conditions in an FTICR cell does not
seem to be explicable in terms of any such mechanism.
However, if it is accepted that several mechanisms can
operate, each important over its own limited range of
experimental conditions, these energy mismatch prob-
lems can be avoided.
An important feature of the systems studied here is
that the MSF product ions do not appear to be subject to
the dramatic changes in relative abundances with
changes of internal energy content, which characterize
those of the even-electron CSR fragments and the
corresponding radical cations (Figures 2–5). Such MSF
reactions have also been observed [8] for electrosprayed
ions under low-energy collision conditions. Previous
discussions of the mechanism of the MSF reaction
[13–15] have considered it to be either a concerted
reaction or else to proceed via a diradical intermediate
requiring homolytic cleavage. A third possibility would
involve homolytic cleavage of a C–N1 bond to form a
molecular radical cation of a tertiary amine, which then
expels a second free radical from along the long ali-
phatic chain, but there appears to be little experimental
evidence supporting this proposal. However, it is of
interest that Vetter et al. [31] have observed that pro-
tonated 2-alkylimidazoline derivatives of fatty acids,
subjected to low-energy (Elab # 60 eV) CA in a triple-
quadrupole instrument, yielded both the expected
even-electron CSR fragment ions and also an abundant
odd-electron ion C5N2H10
1z at m/z 98. In any event, the
evidence exemplified by Figures 2–5 suggests that the
MSF reaction (eq 2) is not in direct competition with the
formation of distonic radical cations in the same way as
the CSR reaction (eq 1).
In very general terms, the major features of the
combined experimental evidence for even-electron pre-
cursor ions appear to be accommodated by considering
three overlapping energy regimes. At very low internal
energies, such as those characteristic of initially cold
precursor ions activated by collisions in a trap instru-
ment, CSR fragment ions must be formed by a con-
certed mechanism of some kind which does not require
homolytic bond cleavage. This may or may not corre-
spond to the 1,4-elimination mechanism proposed by
Gross [1]. Under conditions where the internal energy
can just rise to the requirement for C–C bond cleavage
(;3.8 eV), the pathway proceeding via a distonic radical
cation begins to dominate in accordance with expecta-
tions of competition between concerted and simple
bond-breaking mechanisms, as invoked in the present
context by Cheng et al. [4]. The additional factor of
potentially different tertiary structures for precursors
derived from LSIMS and electrospray, discussed above,
may or may not play a supplementary role here. In this
energy regime, the initially formed radical cations are
sufficiently cold that most of them survive unchanged
to the detector. At still higher energies, C–H cleavages
may begin to play a role, and the radical-cation primary
fragments also now have sufficient energy to expel a
hydrogen atom and form the well-characterized v-un-
saturated even-electron CSR fragment ions. The exper-
imental evidence available on structures of CSR neutral
fragments [10, 11] was obtained under conditions cor-
responding to this energy regime, and the primary
neutral fragments (alkyl radicals) from homolytic cleav-
age mechanisms can reasonably be expected to also
possess sufficient internal energy to lose a hydrogen
atom to form the v-olefins demonstrated by Cordero
and Wesdemiotis [10].
Conclusions
Collisional activation of even-electron functionalized
long aliphatic chains can result in a complicated set of
processes, whose relative importance varies with exper-
imental parameters including pre- and postcollision
internal energies of the reactant ions. A concerted
reaction mechanism must dominate the very low-en-
ergy CA reactions observed by Cody [9] in an FT-ICR
cell, for example. However, in view of the evidence
presented here and previously [4, 12], it appears that
such concerted processes can be sustained as the dom-
inant mechanism for eq 1 under high-energy CA con-
ditions only by assuming that the CA process results in
an appreciably higher energy deposition for the origi-
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nally much colder precursor ions formed by ESI than
for those produced by LSIMS. A possible rationalization
for such an outcome is presented here, invoking very
different conformations for the ions produced by the
two ionization methods. Although feasible, such an
interpretation of the high-energy CA experiments
seems less likely on balance than an alternative hypoth-
esis, first proposed by Wysocki and Ross [12], based on
a dominant high-energy mechanism initiated by homo-
lytic bond cleavage, probably carbon–carbon as pro-
posed originally [12] but possibly carbon–hydrogen as
suggested by Claeys et al. [5–7, 29]. The MSF reaction
(eq 2) is possible for only some functionalized chains,
including the quaternary ammonium ions studied here
and previously [13–15], and appears to not be directly
involved in the competition between formation of the
functionalized v-olefin product ions (eq 1) and the
distonic radical cations.
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